Bloom AB, Zaman MH. Influence of the microenvironment on cell fate determination and migration. Physiol Genomics 46: 309 -314, 2014. First published March 11, 2014 doi:10.1152/physiolgenomics.00170.2013.-Several critical cell functions are influenced not only by internal cellular machinery but also by external mechanical and biochemical cues from the surrounding microenvironment. Slight changes to the microenvironment can result in dramatic changes to the cell's phenotype; for example, a change in the nutrients or pH of a tumor microenvironment can result in increased tumor metastasis. While cellular fate and the regulators of cell fate have been studied in detail for several decades now, our understanding of the extracellular regulators remains qualitative and far from comprehensive. In this review, we discuss the microenvironment influence on cell fate in terms of adhesion, migration, and differentiation and focus on both developments in experimental and computation tools to analyze cellular fate. extracellular matrix; cell migration; cell adhesion; computational modeling; cell fate MUCH OF THE UNDERSTANDING of underlying mechanisms governing cell functions such as proliferation, differentiation, and migration comes as a result of research focused on cells cultured in artificial two-dimensional (2D) environments or monolayers (15, 49) . While culturing of monolayers is less complex, provides repeatability, and is cost effective and less time consuming than using animal models, the monolayers lack the morphology, mechanics, and the biochemical characteristics of the cells in vivo (25, 41) . Recent studies have shown that three-dimensional (3D) environments, which more accurately represent physiologically relevant environment, can lead to cellular processes and fates that are substantially different from cellular behavior observed in 2D environments (10, 15, 29) .
MUCH OF THE UNDERSTANDING of underlying mechanisms governing cell functions such as proliferation, differentiation, and migration comes as a result of research focused on cells cultured in artificial two-dimensional (2D) environments or monolayers (15, 49) . While culturing of monolayers is less complex, provides repeatability, and is cost effective and less time consuming than using animal models, the monolayers lack the morphology, mechanics, and the biochemical characteristics of the cells in vivo (25, 41) . Recent studies have shown that three-dimensional (3D) environments, which more accurately represent physiologically relevant environment, can lead to cellular processes and fates that are substantially different from cellular behavior observed in 2D environments (10, 15, 29) .
Within the last decade, 3D environments, consisting of both synthetic and nonsynthetic substrates, have been utilized to more accurately model the cell microenvironment found in vivo (75) . These substrates include polymer networks (66) , electrospun nanofibers (39) , polydimethylsiloxane (75) , matrigel (23) , and collagen (27) . The structure of the microenvironment is determined by the extracellular matrix (ECM), which consists of tissue-specific proteins and polysaccharides (16, 56) . 2D culturing of adherent cells results in adhesion junctions with localized protein aggregates along the basal surface. In 3D, however, these proteins do not form aggregates but instead are dispersed throughout the cell and local activation results in protrusion formation (15, 24) . In addition to providing structural support through the cell-ECM adhesion complexes, the ECM selectively binds and releases growth factors, allowing for temporary sequestration and controlled release of these factors (67) .
Aided by advancements in computing and higher-resolution quantitative data, computational modeling has become a valuable tool providing a rapid and high-throughput method to investigate cellular fate (46) . Computational models are able to bridge our understanding in processes where experimental studies are either technically or financially prohibitive. In addition, they are able to provide predictive information to guide future experiments. Models at the molecular, macromolecular, and tissue levels have provided information about cellular form and function. Historically, like experimental approaches, these studies have been focused on 2D environments, but recent years have seen developments of computational models of cellular fate in native like 3D environments (64) .
In the following sections, we will cover recent developments in both experiment and modeling on microenvironmental regulation of cellular differentiation, adhesion, and migration, in both 2D and 3D environments and discuss current areas of growth and potential future directions to get new insights into cellular fate determination in native environments.
MECHANOTRANSDUCTION
Cells are capable of converting mechanical cues into biochemical signals by mechanotransduction systems (6, 60) . This capability is due to the interaction between integrins and several adaptor proteins, including focal adhesion kinase (FAK), p130Cas, paxillin, talin, and vinculin. Cardiospherederived cells (CDCs) sense the stiffness of the surrounding ECM through p190RhoGAP, a guanosine triphosphatase-activating protein for RhoA, which mediates endothelial differentiation of CDCs (Fig. 1A) . A global decrease in the presence of p190RhoGAP, in addition to a local decrease in the lamellipodia, leads to a change in cell morphology to a more rounded cell shape, which, when coupled with decreased integrin abundance, can reduce cell contact with the ECM resulting in spheroid-like aggregates. These tight cell aggregates require E-cadherin and p120-catenin in addition to an increased nuclear localization of Yes-associated protein (YAP) (48) . The yorkie homologs YAP and TAZ act as the transcription regulators independently of the NF2/Hippo/LATS pathway (19) . In microvascular epithelial cells, p190RhoGAP sequesters TFII-I in the cytoplasm. Once released TFII-I results in transcription and upregulation of vascular endothelial growth factor receptor 2 (VEGFR2), leading to angiogenesis (53) . The composition and stiffness of the ECM are not the only factors that can result in mechanotransduction signaling. The nanotopography of the ECM is capable of influencing differentiation, migration, and proliferation (38, 39) . The nanotopography of the ECM alters the focal adhesions and cytoskeletal organization of human mesenchymal stem cells (78) . This likely occurs through the FAK pathway and could result in YAP/TAZ transcriptional regulation to dictate cell lineage (73) .
MICROENVIRONMENTAL REGULATION OF CELL DIFFERENTIATION
Regulation of stem cell self-renewal and differentiation is dependent on the ECM, growth factors, morphogenic factors, small molecules, and cytokines that are secreted by the stem cells and the surrounding cells that make up the niche (47, 69, 79) . The stiffness of the ECM has a direct effect on the differentiation of several stem cell lineages. When cultured in matrigel, adult neural stem cells differentiated into glial cells when the stiffness of the ECM was between 1 and 10 kPa and differentiated into neurons when the stiffness was between 100 and 500 Pa. Upon decreasing the stiffness of the matrigel to 10 Pa, the adult neural stem cells were no longer able to selfrenew or differentiate (66) . The influence of ECM stiffness on differentiation also occurs for naïve mesenchymal stem cells. When cultured in ECM with stiffness of 1, 10, or 100 kPa, the cells undergo neurogenesis, myogenesis, or osteogenesis, respectively. These three stiffness levels correspond with the stiffness normally found in brain, muscle, and bone tissue, respectively (21) .
In separate experiments, mesenchymal stem cells cultured on 2D environments displayed a correlation between cell type commitment and morphology of the stem cell. However, investigators have determined that, in 3D culture environments, it is not the morphology that correlates with the cell type commitment but the stiffness of the environment. Softer environments between 2.5 and 5 kPa result in adipogenic commitment, while firmer environments between 11 and 30 kPa result in osteogenic commitment (32) .
Skeletal muscle differentiation requires cell-ECM interactions (58) . Muscle stem cells that naturally reside in adult tissues rapidly proliferate in vivo but do not have this rapid proliferation when cultured on rigid plastic dishes that have a stiffness of 10 6 kPa. However, if the cells are cultured in matrigel, with a stiffness of 12 kPa, that mimics the stiffness of muscle, the muscle stem cells will continue to self-renew in vitro. Furthermore, these cells can be transplanted back into mice and significantly aid in the regeneration of muscle (9) . ECM stiffness regulates chondrocyte differentiation through ROCK signaling and upregulation of the TGF-␤. Chondrocyte differentiation requires Smad3 phosphorylation, which is optimized at the same ECM stiffness that induces chondrocyte gene expression (1) .
There have been many computational models designed to predict differentiation of stems cells depending on soluble factors; however, models designed to take into account the physical conditions and makeup of the microenvironment are lacking (75) .
MICROENVIRONMENTAL REGULATION OF ADHESION AND MIGRATION
Cell adhesion and migration have been and continue to be a major area of investigation of microenvironmental regulation of cellular form and function (7) . Much work has been done in understanding molecular and macromolecular regulators and signaling cascades affected by microenvironmental properties. In particular, integrins and their interactions with the ECM have been studied extensively over the years in their role in maintaining homeostasis and aiding the progression of many diseases (51, 52) . Integrins are heterodimeric cell surface receptors made up of ␣-and ␤-subunits that bind to specific ECM components and are responsible for the activation of a variety of cell survival and cell motility pathways (70) . Following integrin ligation, FAK becomes autophosphorylated at Y397, which in turn provides a binding site for the p85 subunit of phosphatidylinositide 3-kinase (PI3K), causing downstream activation of protein kinase B (PKB), inhibiting apoptosis, and promoting cell proliferation (Fig. 1B) (11) . When this pathway is intact, the loss of adhesion to the ECM results in a decrease of PI3K activity resulting in anoikis (44) . Integrins are involved not only in cell-ECM signaling but in cell-cell signaling as well. Apoptotic cells displaying phosphatidylserine on their cell membranes are identified by integrins in other cells. This triggers a pathway activating the Dock180, CRKII, ELMO complex and then activating Rac1, triggering the engulfment of the adjacent apoptotic cell (30, 37, 43) .
Cancer cell metastasis requires the cell to undergo epithelialto-mesenchymal transition (EMT) and acquire anoikis resistance (55) . Cells that undergo EMT can be identified by the loss of the epithelial proteins ␤-catenin, ␥-catenin, and Ecadherin, in addition to increased expression of the mesenchymal proteins vimentin, fibronectin, and N-cadherin, which are characteristic of EMT (36) . E-cadherin forms a complex with p120, ␣-, and ␤-catenins that is critical for cell-cell adhesion. Dissociation of this complex results in p120-catenin's no longer being localized to the membrane, allowing p120-catenin to activate Rac1 and Cdc42 while inhibiting RhoA activity, potentially leading to lamellipodia and filopodia formation (Fig. 1C) (14) . Matrix metalloproteases (MMPs) degrade ECM and cleave E-cadherin at the cell surface, releasing a soluble 80 kDa cleavage product (57) . This soluble cleavage product of E-cadherin upregulates MMP2, MMP9, and MMP14, resulting in further cell invasion and anoikis resistance (56) . Inhibition of MMP activity results in reduced speed and persistence of cell migration in 3D collagen matrices (39) . These experimental results are described by modeling the movement of cells through a matrix, accounting for modulus, viscosity, and ligand density of the matrix, as well as the cell geometry and receptor density of the cells (28) .
The microenvironment of solid tumors is more acidic than normal (pH 6.5-6.9 compared with pH 7.2-7.4) due to poor perfusion and increased anaerobic metabolism (22) . This acidic environment further increases the degradation of the ECM by MMPs and results in increased secretion of VEGF and angiogenesis (22) . Other proteolytic enzymes, including urokinasetype plasminogen activator (uPA), and their effects on cancer cell invasion of neighboring tissue have been modeled to occur as a result of both chemotactic and haptotactic reactions of cancer cells to the spatio-temporal effects of the uPA system (2).
The core physiological properties of the majority of cells within a tumor remain identical even though the phenotypes of these cells may vary dramatically. Models coupling tumor cell proliferation, cell death, angiogenesis, and blood flow predict that the tumor will initially develop a necrotic core at its center and later an area with high microvascular density at the periphery. This is because of the lack of nutrients delivered to the center of the tumor and the increased demand for nutrients of the rapidly dividing cells located at the periphery (12) .
In these harsh environments containing low oxygen and nutrient levels, invasive cells are predicted to be responsible for the growth of the primary tumor as they selected due to their invasiveness. However, small changes in the oxygen and nutrient levels may cause a separate subpopulation of the tumor cells to be preferentially selected and account for the growth of the primary tumor. Furthermore, the model predicts that branches composed of tumor cells will be formed, which has been experimentally confirmed (34) .
Cells migrate at a rate dependent on several factors including the strength and number of cell-cell and cell-ECM adhesions in addition to the stiffness of the ECM. During migration lamellipodia form focal adhesions between the cell and the ECM. When cultured in 2D the cell tugs against these focal adhesions as a means to test the stiffness of the ECM via the FAKphosphopaxillin-vinculin pathway, and it is this tugging that allows the cell to identify the stiffness of the ECM and continue to migrate in that direction (62) . The advent of microfluidics has enabled scientists to more accurately mimic the 3D physiological environment in terms of structure and soluble factors (26, 63, 80) . Microfluidic technology involves the manipulation of nanoliters of liquid within channels of microdevices (45) . This allows for small quantities of soluble factors to be controlled and delivered to small environments (18) . Microfluidic systems utilizing an ECM gradient consisting of either collagen I, laminin, or fibronectin result in migration of cells along the gradient. In the case of fibroblasts these ECM gradients are sensed by the signaling proteins FAK, neural Wiskott-Aldrich syndrome protein (N-WASP), and Cdc42. While increasing the ECM gradient does increase the likelihood of a cell migrating in that direction it does not increase the speed of migration. N-WASP and activated Cdc42 signaling result in the directional migration toward stiffer ECM, while the FAK signaling increases the persistence of the migration (65) .
In addition to experimental studies, computational and mathematical modeling of cell adhesion and migration, in both 2D and 3D, has provided new insights into cellular fate. Computational modeling of focal adhesion dynamics, actin motor activity, lamellipodia protrusion, and remodeling of nuclear and cellular membranes predicts the increase in the rate of cell migration by the anchorage of the cell's trailing edge with actin stress fibers (42) . Experimental findings that the geometry of the cell microenvironment determines the orientation and location of the contractile stress fibers and the force application sites support this predictive model. When no ECM is available for cell adhesion, large stress fibers form along the cell edges to confine the cell, resulting in traction force applied at cell apices. Epithelial cells, which have high levels of contractility, are observed in either disorganized multicellular structures or detaching from each other as determined by measuring the degree of contraction of a cell by micropatterning of polyacrylamide gels (74) . When considering cell-cell and cell-ECM adhesions in addition to substrate gradients, computational models rooted in the biophysical laws of conservation of mass, cell migration, and cell survival predict that the cells with more aggressive phenotypes will migrate up the substrate gradient beyond the tumor mass, resulting in a loss of cell adhesion and an increase in anoikis resistance (8) . Creating a hybrid of a random-walk model to control for cell migration and interaction, as well as a second model to determine chemotaxis, enables us to determine the extent of proliferation, death, and cell-cell adhesion at the individual cell level. Simulations using this model predicts conditions such as hypoxia and a heterogeneous ECM increase selection in the tumor cell population, resulting in an invasive tumor containing primarily a few clones with aggressive traits. At a more physiological pH and homogeneous ECM conditions these same clones with aggres-sive traits are expected to coexist with nonaggressive phenotypes resulting in a more heterogeneous tumor (3, 4) . An off-lattice version of the hybrid model decreases the effects of anisotropy on both cell migration and tumor morphology and addresses the mechanical and physical aspects of cell behavior in more detail. This off-lattice hybrid model predicts that while tumors consisting of cells with multiple phenotypes eventually form a spherical shape, they will initially develop asymmetric tumor morphology. This is due to the more aggressive cells that leave the tumor being distributed nonuniformly throughout the tumor (33) .
CONCLUSIONS AND FUTURE DIRECTIONS
Over the last several decades we have made tremendous progress in understanding cellular form, function, and the underlying machinery that governs cellular fate and processes. Yet, most of our understanding has been either qualitative, rooted in experiments that have been carried out in artificial environments far from in vivo, or blind to the surrounding microenvironment. Fortunately, the last few years have seen a change in our approach. This review highlights recent developments in both computational and experimental approaches (Table 1) focused on understanding cellular fate as an integrated system, where both the cell and the matrix interact synergistically.
The system level thinking of the synergistic interaction between cell and matrix is of paramount importance in the fields of drug discovery, cancer research, and tissue regeneration because of the influence of the microenvironment on cell properties. 3D cell culture has already started to become adopted in drug discovery where high content screening is heavily used (35, 50) . Furthermore, cancer treatments that have appeared promising when in monolayers have ended up being less effective when used in 3D or animal models (13) . In several cases drug ineffectiveness has been attributed to cell-ECM interactions (5, 16, 59, 68) . The effects of the microenvironment on adhesion and migration explain the importance of the microenvironment on tumor progression by identifying not only the structure of solid tumors but also microenvironmental factors contributing to invasion. Modeling has been beneficial in these aspects as various models have been able to predict the characteristics of solid tumors, in terms of a necrotic core and high amounts of microvascular on the periphery as well as the methods of local invasion (7, 36, 39, 56, 57) . Given these validated models, consideration should be given to link between hypoxia and other harsh microenvironments to tumor metastasis in future research. Modeling itself can greatly aid future research by providing a rapid, inexpensive, highthroughput method that can be used for both prediction and explanation of experimental results. Ultimately computational modeling enables the complex system of the cell to be broken down into key pathways, predicts how these pathways affect the properties of the cell, and can be very valuable when resources are limited. The relative dearth of computational models predicting ECM stiffness-dependent lineage specification is likely due to the limited understanding of precisely how cells perceive the surrounding microenvironment and how this mechanochemical signal is transduced into the cell. Identifying possible key components to the mechanotransduction system could greatly benefit the creation of computation models for ECM stiffness-dependent lineage specification.
Despite recent developments, much more needs to be done in developing a systems-level, integrated, and quantitative understanding of microenvironmental regulation of cellular fate. This requires development of new tools, accessible to researchers in both basic and applied sciences, with which to analyze how changes in microenvironmental structure, stiffness, mechanics, or biochemical makeup influence cellular decisions. Microfluidic systems have shown initial promise, but their use has not penetrated widely. Research in tissue regeneration and stem cell differentiation can potentially benefit by adopting 3D culturing approaches as the microenvironment influences the lineage that the stem cell differentiates into (10, 17, 25, 31, 61) . In addition to the effects on differentiation, the microenvironment influences the migration of cells; both processes are vital for wound healing, and research in this field would be greatly aided by adoption of 3D culture systems. Perhaps at a more fundamental level, it is the importance of using quantitative tools and gathering quantitative information that needs to be better appreciated for our understanding of cellular fate. A better appreciation for tools that can give precise and quantitative information will not only aid in a superior fundamental understanding of the key processes, but also aid in developing more realistic and predictive models of cellular fate, form, and function in native environments. This requires not only improvement in tool development but also creation of intellectual bridges between modelers, engineers, biologists, and clinicians to overcome the inherent unease and distrust that may have plagued truly collaborative interactions. Fortunately, many of those barriers have started to fall, yet more needs to be done to make long-lasting impact on our fundamental and applied knowledge of cellular fate in complex native environments. 
